The magnetically levitated rotary table (MLRT) has the potential to be applied in many industrial applications due to its excellent rotation ability and good positioning accuracy. This paper presents the prototype of a novel MLRT with a simple and compact structure. The table employs a circular permanent magnet (PM) array and a circular coil array to generate large scale rotation around the vertical axis and limited movement in the other directions. This MLRT has a higher current carrying capacity and simpler commutation law than the existing MLRT. Furthermore, different from the previous works, the magnetic force model presented in this paper is obtained by a novel analytical-numerical method that considers the clearances in the circular PM array. Thus, the predicted magnetic force and torque are more accurate than those from the existing modeling method. The translation and rotation of the table are measured by six laser sensors, which are distributed around and below the mover respectively. The PID controller is used to stabilize the system. Experiments related to the motion decoupling, trajectory tracking and load change are carried out to verify the motion performance of the novel rotary table. Compared with the existing magnetic force model, the experimental results illustrate that the novel magnetic force model, which considers the clearances in a circular PM array, is more suitable for motion control of the MLRT.
I. INTRODUCTION
A precise rotary table is a promising equipment to be applied in many areas, such as mechanical micromachining [1] , [2] , target tracking devices [3] and radar antenna servo turntables [4] , due to its strong rotation ability and high positioning resolution. Magnetic levitation technology has been successfully applied in many fields [5] - [8] . With the maglev technology, an ideal rotary table can also be realized. Because the friction, vibration and the hazards of high pressure gases are eliminated, the magnetically levitated rotary table (MLRT) has better dynamic performance and higher reliability than a traditional turntable that uses mechanical The associate editor coordinating the review of this manuscript and approving it for publication was Giambattista Gruosso . bearings or aerostatic bearings, and many industries will benefit from this MLRT.
In the past few decades, magnetically levitated tables with different topology structures [9] , [10] have been proposed. In [10] , [11] , the maglev positioning tables are developed based on several Lorentz force actuators. Each actuator which consists of an ironless coil and one or two permanent magnets can produce magnetic force in one direction. When all actuators work together, the tables can realize the precise positioning motion with multiple degrees of freedom. These tables have compact and simple structures and can be applied in various applications such as scanning probe microscope and coordinate measuring. However, their range of motion is small and obtaining an accurate magnetic force model in a large range of motion is difficult. The tables developed VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ in [12] , [13] employ a one-dimensional or two-dimensional Halbach array and multiple-phase coils to achieve long-stroke movement. The magnetic force model in these tables can be accurately expressed in a large range of motion via harmonic analysis, thus they can be applied in the semiconductor manufacturing which requires a long stroke to improve productivity. However, their rotation ability is limited due to the characteristics of their own structures. In [14] , a moving-coil levitated table which can maintain both large-stroke translational motion in the xy-plane and large-range rotation around the vertical axis. However, a cable is required to connect to the moving-coil part that will create disturbances, thus this table is unsuitable for some complex industrial environments.
In [15] , a prototype of six degrees of freedoms (DOFs) MLRT is built and applied in the mechanical micromachining field, but its current carrying capacity is limited due to the thickness limitation of PCB board. Furthermore, its measurement system can not measure large-range translation motion. The existing structures of the magnetically levitated tables need to be improved for practical applications. Once the topology structure of a table is given, the next step is to obtain the model that contains the magnetic force and torque. In a previous study, researchers always obtain an accurate magnetic force model by experiments, finite element analysis (FEA) [16] or numerical methods [17] and then fit these solutions into a curve model [18] or store the results in a look up table [19] , [20] . However, obtaining the data of the model is timeconsuming, and these methods are not accurate for a control of maglev system. Benefitting from the application of the Halbach permanent magnet (PM) array, a harmonic analysis method is proposed for real-time computation, but this method disregards the clearances in circular PM array, which renders the existing harmonic model inaccurate [15] , [21] for an actuator in a rotary table. Thus, this inaccuracy will affect the dynamic performance of the MLRT. To satisfy the requirements of a rotary table in practical applications, the design of a specific structure and suitable modeling method for MLRT are needed. In this work, a centrosymmetric MLRT that employs a circular Halbach PM array and a circular coil array is designed and evaluated. To reflect the structure of the circular PM array more accurately, the clearances between the neighbouring PMs are considered as a part of the magnetic field model. Based on the analytic solutions of the revised magnetic filed, a magnetic force model can be acquired by coordinate transformation and the Lorentz law. The dynamic decoupling unit, which is based on this new magnetic force model is constructed for motion control. The positions of the table in six directions are tracked by six laser sensors. Multiple DOFs motion of the rotary table is controlled by the PID controller. Compared with the existing MLRT, the advantages of the novel MLRT are listed as follows:
1) The magnetic force model of the novel MLRT takes the clearances in a circular PM array into account, which solves the problem that the existing harmonic model [15] , [21] can not accurately and effectively reflect the real structure of the maglev rotary table. Based on the new force model, the MLRT can achieve better dynamic performance. 2) The manufacturing cost is reduced because the clearances do not have to be eliminated by using a large number of magnets, as occurs in the existing actuator in the MLRT. 3) Compared with the copper PCB multilayer board in [15] , the proposed ironless coil array can be easily fabricated, installed and changed to other design parameters. Additionally, the construction of the proposed ironless coil array has fewer limitations for coil thickness, which guarantees its high space utilization and high current-carrying capacity. 4) The measuring system has a simple structure and can measure the translation and rotation of an object in a large range. The remainder of the paper is organized as follows. An overview of the mechanical design of the MLRT is presented in Section II. In Section III, the modeling method of force and torque are explained in details. Section IV presents a method for position feedback. The design of the controller is shown in Section V. In Section VI, we conduct several experiments to demonstrate the performance of the MLRT. Section VII gives the conclusions.
II. DESIGN OF MAGNETIC LEVITATION ROTARY TABLE A. MECHANICAL DESIGN
As shown in Fig. 1 , the proposed MLRT is mainly composed of an optical vibration isolation platform, a base, sensors, coil windings, permanent magnets, a platen and a square object. The optical vibration isolation platform provides a horizontal, stable and vibration isolation plane, which ensures that the scientific experiments can be carried out normally without external interference. The base is an important part of the stator of the rotary table. All coil brackets and some laser sensors are installed on the base. The laser sensors are used to measure the position information of the rotary table. When all ironless coil windings are be excited by the proper current, the magnetic force and torque are produced by the interaction between the magnet array and the coil array. Different loads are placed on the platen. Because the permanent magnets are all installed in the groove of the platen, the magnetic force and torque acting on the magnets can be transmitted to the platen. This square target is an auxiliary object for horizontal position measurement of the MLRT, as described in Section IV. As discussed by most researchers did in their works [11] , [22] , most parts of this system are constructed of aluminium, which reduces the system weight while maintaining structural stiffness.
The subfigure named mover shows the arrangement of the PM array. The magnetization direction of each magnet is indicated by the corresponding red symbol. The PM array has 18 pairs of poles, and each pole pair contains 4 magnets (total of 72 magnets). Compared with magnets with ordinary arrangements, the Halbach PM array increases the magnetic field in the current-carrying region. When the Lorentz force and torque are acting on the PMs, the force and torque can be transmitted to the platen, thus the multiple DOFs motion of the rotary table is realized. The square target on the platen are used as an auxiliary object to measure the position of the magnetic levitation rotary table in the horizontal plane.
The other subfigure, which is referred to as the stator, shows the distribution of the coil windings and sensors. Three laser displacement sensors around the coils are used to measure the position of the rotary table in the horizontal plane while the other three laser displacement sensors under the coils are used to measure the the position of the table in the vertical plane. Thus, these six sensors can determine the space attitude of the MLRT. Different with the multi-layer PCB coils in [15] , this design uses an ironless coil array as the current-carrying region. These coils can carry higher exciting current, which improves the dynamic performance of the rotary table. Because the arrangements of the magnets and coils are periodic, the coils in the similar magnetic field environment can be connected in series to simplify the modeling process. Twenty-four coils are divided into eight phases, and each phase contains three coils. Details of the grouping are listed in Table 1 . The three coils in each phase are connected in series. As shown in Fig. 3 , the direction of the arrow in each phase represents the flow direction of the current in these coils. We can use eight linear power amplifiers to drive these coils. If the eight-phase coils are excited by the reasonable currents, the precise motion of the maglev rotary table can be realized. In a practical application, some support pillars are placed around the coils to ensure that the mover does not collide directly with the coils during the debugging phase of the controller.
Based on the previous design and analysis, the prototype of the novel MLRT is manufactured as shown in Fig. 2 . The prototype will serve as an experimental setup for subsequent experiments.
B. SYSTEM INTEGRATION
The instrumentation structure is illustrated in Fig. 4 . When the mover moves, the position information of the rotary table is measured by the sensing system that contains six laser sensors. Three laser sensors around the mover are used to measure the translation and rotation of the mover in the horizontal plane, and the other three laser sensors under the mover are used to measure the translation and rotation of the mover in the vertical plane. The detailed description of the measurement system is given in Section IV. The voltage output signals of these six laser sensors are collected by the data acquisition board (DAQ) NI 9220. NI 9220 is an analog input module (A/D module), where each channel provides a measurement range of ±10V and has a 16-bit resolution. We can use 6 analog input channels of NI 9220 to collect the information. The control voltage signals of these power amplifiers are produced by the analog signal output board NI 9264. The board NI 9264 is an analog signals output module (D/A module), where each channel provides a measurement range of ±10V and has a 16-bit resolution. We can use 8 analog output channels of NI 9264 to output eight control signals for eight linear power amplifiers. Through the slots, the two boards (NI 9220 and NI 9264) are connected with a real-time controller NI CRIO-9041 which contains an FPGA module (Xilinx Kintex-7 7K70T) that implements the driving component for the two boards and a 1.3 GHz dual core processor (Intel Atom E3930) that runs the control algorithm. The controllable currents from the power amplifier circuit are used to excite the 8-phase coils (three coils for each phase). The excitation current in each phase coil is separately calculated by the control algorithm and directly provided by an independent power amplifier, which is a voltage controlled constant current source based on PA12A. When the 8-phase coil windings are simultaneously driven by eight independent power amplifiers, the maglev rotary table will realize the corresponding motion. These functions, which contain the desired position setting, attitude information displaying, and data logging, are all performed on a computer with LabVIEW Real-Time software. The computer is communicated with a real-time control platform (NI CRIO-9041) by Ethernet cable. Additionally, the control algorithm is run on the controller at a sampling frequency f s = 2kHz. The specifications and parameter values of the MLRT are given in Table 2 .
III. FORCE AND TORQUE CALCULATION
The geometry of the MRLT is given in Fig. 5 . Several coordinate systems are illustrated in this figure for the analysis of force and torque. The mover rectangular coordinate system { r m} and mover polar coordinate system { p m}, whose origin m o is on the bottom surface of the PM, are defined. The coil rectangular coordinate system {c i }, whose origin c o i is located on the the geometry center of the long side of the corresponding coil, is defined in the figure. The subscript i represents the label of the coil and ranges from 1 to 24. The origin s o of the stator rectangular coordinate system { r s} is located on the top surface of the coil array, as shown in the front view in Fig. 5 . The translational and rotation motion of the mover, which is expressed as s p = s x p , s y p , s z p , s α p , s β p , s γ p are defined in the stator coordi-
The design parameters of the coils and magnets are denoted as l m , w m , h m , l c , w c , h c , and r c in this figure. η i is the angle between the s x-axis and the c x i -axis. The geometry center of each PM is located in a circle with radius r 0 . The geometry values of the MLRT are given in Table 3 . The parameters in the following equations are defined in Table 4 and the following assumptions are made to simplify the modeling procedure.
1) Because the high permeability material is not employed in this design and magnetic field produced by the current carrying coil is not intensive in the remanence region, magnetic saturation can be disregarded to simplify the magnetic force model. 2) The radial magnetization component m M r is too small and be neglected.
3) The relative permeability u r = 1 is inside and outside the permanent magnet. 4) The mover of the rotary table is simplified as a pure rigid body, and the gravity center of the mover and geometric center of the mover coincide. To obtain the model of magnetic force and torque, the magnetic field excited by the Halbach PM array needs to be analyzed firstly. The solution of the magnetic flux density has been presented in [15] , [21] , [23] . However, none of these studies can accurately reflect the magnetic flux density distribution in the rotary table due to a lack of clearances in the circular PM array. To consider the clearances, the existing solution of the magnetic field should be modified in this paper. The actual cross section of the Halbach array is shown in Fig. 6 (a). The white areas in this figure represent the clearances between the neighbouring PMs. Furthermore, the width of the clearances varies with m r. 
where B r = 1.28T represents the magnet remanence, µ 0 is the permeability of the vacuum, τ is the Fourier period solved by τ = 4 m rθ 0 , and the pitch angle of the Halbach array is θ 0 = 2 · π /72. As shown in works [23] - [25] , Maxwell equations are used to solve the magnetic flux density. Thus, the magnetic flux density distribution resulted from the 1-D Halbach array can be expressed as follows if only the 1st order harmonic component is taken into account.
where K 0 is a constant solved by K 0 = 4 · Br/π, and λ = 2 · π/τ . m B r is too small and can be disregarded. Compared with the existing equations in [15] , [21] , the width of the clearances in the circular PM array is a component in the new equations. Thus, the new equations can reflect the real structure of the circular PM array. Note that the coils are defined in the coil rectangular coordinate system {c i } which are different from the coordinate system { p m}, where the Halbach array is defined. Thus, we cannot directly calculate the magnetic force and torque by the Lorentz integral law.
where s R m represents the orientation transformation matrix from the mover polar coordinate system { p m} to the stator rectangular coordinate system { r s}, and c R s represents the orientation transformation matrix from stator rectangular coordinate system { r s} to coil rectangular coordinate system {c i }. These transformation matrices and equations are described as follows:
With the obtained c B, the magnetic force and torque exerted on the mover of the rotary table can be calculated by the Lorentz force law and Gaussian quadrature. The magnetic force and torque can be expressed as
where
c J is the current density in the coil; N is node number; n 1 , n 2 and n 3 are the node index, which range from 1 to N ; w n1 , w n2 and w n3 are all the Gaussian weight; λ n1 , λ n2 and λ n3 represent the Gaussian node. Finally, the force in the coil coordinate system {c i } should be transferred back to the stator coordinate system { r s} for the motion control.
To simplify the calculation of magnetic torque, the magnetic force is equivalent to acting on the mover just above the center of the corresponding coil, so the torque is solved by
where s r is the moment arm of the force in the stator coordinate system { r s}. The three coils in phase 1 are in the similar magnetic field environment, and they only differ with regard to phase. Thus, the magnetic force and torque of phase 1 in the stator coordinate system { r s} are solved by
where c F y_coil1 and c F z_coil1 are the magnetic force of coil 1 in the coil rectangular coordinate system {c i }. Because the derivation processes of other phases are similar to phase 1, so they are not given here due to space limitations.
Decoupling of motion is very important to dynamic control of a magnetic levitation system, so the experiment is conducted to evaluate the performance of the dynamic decoupling unit based on the proposed analytical-numerical model. As given in Fig. 7 , the MLRT is controlled to produce the desired force and torque, W desire = [2N, 2N, 10N, 100N · mm, 100N · mm, 500N · mm] T at 21 points. These measurement points are uniformly selected with s γ p ∈ [−20 • , 20 • ] when s z p = 2mm. Referring to the previous work in [13] , the required decoupling current value for the coil array would be acquired via
where is 6 × 8 current-wrench transformation matrix, which is constructed based on the magnetic force model; W desire = [ s F x , s F y , s F z , s T x , s T y , s T z ] T , represents the vector containing desired force and torque; i is an 8 × 1 matrix that contains the required current. The obtained current values are used to excite the coils, and the actual force and torque in different directions are measured via a 6-DOF load cell (ATI mini40). Fig. 7 shows the measured results via the proposed method considering the clearances in the circular PM array, and the results obtained via the existing method [15] , [21] without considering the clearances. Because the clearances in the circular PM array are disregarded, the magnetic field solved by the existing modeling method is larger than the actual value. According to the Lorentz integral formula, we discovered that the obtained current values are smaller than the actual demand when the desired force and torque are the certain values. If we use the obtained currents to excite the coil array, the measured force and torque will be smaller than the desired force and torque. However, the proposed modeling method considers the clearances and solves the problem of the existing model. Thus, the measured force and torque based on the proposed modeling method are closer to the desired results. The experimental results illustrate that the dynamic decoupling unit based on the proposed magnetic force model has a better decoupling effect, and is more suitable for the motion control of the MLRT.
Although other spatial harmonics are substantially smaller than the first harmonic, they still affect the accuracy of the fast computation model. In the next work, we can optimize the geometric dimension of the magnetic levitation actuator to decrease the impact of high harmonics and reduce system power dissipation.
IV. MEASUREMENT SYSTEM DESIGN
The measurement system is designed to obtain real-time attitude information of the rotary table. Fig. 8 shows a structural diagram of the measurement system. To measure the horizontal positions ( s x p , s y p -translation, and s γ p -rotation), three laser sensors (ZX2-LD100L), which are denoted as HS1, HS2 and HS3, are placed around the mover. The vertical positions ( s z p -translation, s α p and s β p -rotation) are sensed by the other three laser sensors (ZX2-LD50L), which are denoted as VS1, VS2 and VS3 and installed under the mover. All laser sensors can obtain displacement information by the internal laser triangulation algorithm. Thus, we don't need to install mirrors in this system. With the raw data from the six laser sensors, the position information of the table can be acquired via the Newton-Raphson method and matrix operation.
Reference [15] uses optical encoders and optical grating to measure large-range rotation around the s z -axis. However, this measurement method has obvious shortcomings. Because the relative translation between the optical grating and the optical encoders should not exceed 200 − 300µm, large-range translation motion of the table along the s x -axis, s y -axis and s z -axis cannot be measured. To solve this problem, we design a square target and fix it on the platen. By measuring the relative position change of the square object, the large-range translation and rotation of the table in the horizontal plane can be simultaneously acquired. The measurement results of the laser sensors (HS1, HS2 and HS3) are denoted as l 1 , l 2 and l 3 . Based on the measurement results and geometric constraints, a set of nonlinear equations (13) (14) (15) about the translation and rotation of the mover in the horizontal plane is established.
No analytical formula is available to obtain the exact solution of the nonlinear equations set. The Newton-Raphson method is an excellent choice for solving the problem. By continuously the solution of the equations, we can obtain the exact solution of the nonlinear equations. The iteration speed of this method is fast and can satisfy the requirements of real-time control. Vector [v1, v2, v3] T is the measurement value of the three laser sensors (VS1, VS2, VS3) under the mover. The vertical parameters ( s z p -translation, s α p and s β p -rotation) can be solved by
V. MOTION CONTROL
The mover remains suspended in the air and free from mechanical contact between the moving parts and stationary parts. Thus, the mover can be regarded as a pure rigid body. The translational and rotational motion of the system can be expressed as t (s)
where F (s) and T (s) are the expressions of force and torque in the frequency domain, t (s) = s x p (s) , s y p (s) , s z p (s) , r (s) = s α p (s) , s β p (s) , s γ p (s) , m is the mass of the mover, and I is the inertia matrix of the mover.
The maglev system is open-loop unstable, so a robust controller is needed to ensure the smooth motion of the magnetic levitation table in different directions. The structural diagram of the control system is shown in Fig. 9 . As given in [9] , [13] , the purpose of the decoupling unit in this system is to solve the exciting current for the coils at each control cycle when the maglev system works. In the implementation, after the desired net force and torque are calculated by the control algorithm, the current values are obtained due to the matrix operation, which is based on the pseudo-inverse matrix of the current-wrench transformation matrix. The solution formula of the required current values is given in (12) . After the dynamic decoupling, the dynamic characteristics of the system can be simplified into six independent second order differential equations. Thus, we can employ six single-inputsingle-output (SISO) controllers to stabilize the mover. The classic PID controller is selected in this system due to its simple structure and strong adaptability. Benefitting from the development of mathematical software, MATLAB is a suitable tool for tuning PID parameters. The expression of the PID controller is given as (20) . The damping ratio and the phase margin of the controller are 0.82 and 68.5 • respectively.
where K PID is the gain of the controller, which retains the same closed-loop characteristics for each axis. We built a 3-D model of the novel MLRT with Soliderworks and analyzed this system parameters. The mass of the mover is 0.998kg, the inertia moment I xx , I yy is 2170.795kg · mm 2 , and I zz is 4299.889kg · mm 2 . Thus, the K PID is 0.1286N/mm for translation along the s x -axis, s y -axis and s z -axis, 279.7460N · mm for rotation around the s x -axis and s yaxis, 554.1181N · mm for rotation around the s z -axis. The continuous-time controller is converted to a discrete-time controller with a sampling time of T = 500µs that runs on a microprocessor. The conversion is accomplished by the following formula.
VI. EXPERIMENT RESULTS AND DISCUSSION
To illustrate the static and dynamic performance of the rotary table, the prototype of the MLRT, as shown in Fig. 2 , is developed and various experiments are conducted. The advantages of the proposed analytical-numerical modeling method for the motion control of the MLRT can be highlighted by these comparative experiments. All results are shown and analyzed in the following subsections.
A. DYNAMIC DECOUPLING ABILITY VALIDATION OF THE ANALYTICAL-NUMERICAL FORCE MODEL
A comparative test is performed to validate the dynamic decoupling ability of the analytical-numerical model. First, the mover starts at the position of (0mm, 0mm, 2mm, 0rad, 0rad, 0rad). Second, it is controlled to take a 0.1rad step along the s γ -axis. The coupling disturbance along other axes is recorded. The old magnetic force model and the new magnetic force model are employed to control the table respectively. The old model, which is given in previous works [15] , [21] , does not consider the clearances in the circular PM array, and the new model, which considers the clearances, is described in Section III. The experimental results in Fig. 10 illustrate that the MLRT based on the new analytical-numerical force model has a smaller coupling disturbance in other axes. The new force model is more suitable for the motion control of the MLRT because the controller based on the new force model has a better dynamic decoupling ability.
B. TRAJECTORY TRACKING
As shown in Fig. 11 , comparative experiments are conducted for tracking a sinusoidal trajectory along s z -axis and a triangular contouring trajectory along s γ -axis respectively. We use three performance indexes to evaluate the quality of the controller based on different magnetic force models. Fig. 11 , which indicates that the tracking trajectory based on the proposed force model is closer to the desired contour because the controller produces more accurate force and torque to stabilize the table. The performance indexes are given in Table 5 and Table 6 . It can be seen from these Tables that the motion performance indexes of the MLRT based on the existing magnetic force model undergo greater deterioration than that based on the proposed magnetic force model. These results highlight the excellent control performance of the proposed magnetic force model for the MLRT.
C. RECOVERY FROM SUDDEN LOAD CHANGE
In this test, we record the motion profile along the s z -axis. Different loads 200g, 500g, 1kg and 2kg are released from the position 3mm above the platen. After a while, these loads are removed from the platen.
In the beginning, the force in the vertical direction is applied to balance the weight of the platen. When the load is placed on the platen, the applied force is not sufficient to support the platen and the load, and a downward trend in the s z direction is observed. Then the magnetic force in the vertical direction increases to counteract the total weight of the platen and the load. The process of change in the s z direction is reversed when the load is removed from the platen. For further quantitative analysis, we define the overshoot as
where M act,i represents the actual measured result, and M des,i represents the desired result and it is equal to 2mm. As shown in Fig. 12 , although the overshoot along the s z -axis will increase with an increase in the load weight, the overshoot based on the proposed model is always smaller than that based on the old magnetic force model for different payloads. The detailed performance indexes of the payload test are listed in Table 7 . These comparative experiments prove the validity of the new magnetic force model for the load control of the MLRT.
D. VALIDATION WITH PUBLISHED WORKS
We aim to compare the table in this paper with that in other articles with regard to three aspects (stroke, freedom and load capacity).
In terms of stroke, Kim and Trumper present the world's first large (50mm × 50mm) planar motion maglev table for photolithography in 1997 [25] . The bearing mechanism of the table has been removed and the table can move quickly in the plane with a single moving part. Other tables reported in [14] , [26] are likely to adopt either moving magnet or moving coil structure to adapt to various real applications. However, these tables mainly focus on the translational motion of the motor and are not suitable for large-range rotation motion. In some cases, such as micromachining of sculptured microfeatures [15] and micro-milling [27] , the rotation ability of the maglev table is more important than the translation ability. Researchers propose a maglev rotary table with a central symmetric structure which can realize unlimited rotation around a vertical axis [15] . The maglev rotary table in this paper also has strong rotation ability, but the translation ability of these maglev rotary tables are not as acceptable as maglev planar tables. In general, the maglev planar table and maglev rotary table have important applications in different fields.
In terms of freedom, researchers have designed different devices with a single-DOF. The maglev actuator in [28] is used as an active gravity compensator to offset the gravity. In [29] , a rotary motor with a strong rotation ability has been proposed. However, this motor can only operate as a single-DOF motor. With the development of manufacturing, precision motion-control devices with multiple DOFs are frequently required in the industrial field of application. The maglev tables developed in [10] , [11] realize six DOFs positioning motion via the joint action of multiple maglev actuators. These tables have simple structures and can produce a variety of single-axis and multiple-axis motion profiles. The maglev rotary tables in this paper and [15] can also achieve a movement of six DOFs by the interaction between the circular Halbach PM array and the current in the multiple-phase coils.
In terms of the load capacity, the maglev nanopositioner in [11] can carry and precisely position a payload as heavy as 0.4kg. In [10] , a prototype of a six DOFs magnetically levitated table is presented. The levitated force of them are all provided by several Lorentz force actuators and are suitable for carrying small and light objects. To further improve the static and dynamic performance of the table, Halbach magnet arrays are used in the magnetic levitation table. Due to the special arrangement of the Halbach PM array, the magnetic flux density of the Halbach array in the current carrying region is significantly improved, thus the levitated force is developed and the load capacity of the table increases. The MLRT proposed in [15] is the latest maglev rotary table. The circular Halbach array is used to create the magnetic field, and PCB multilayer board is used as the current-carrying region in this table. Although PCB coils are tightly arranged and have a high current density, the thickness of PCB is limited, which limits the current-carrying capacity. To solve the problem in the existing maglev rotary table, we use ironless coils instead of PCB coils to carry current. The ironless coils can be excited by an intense current to produce a large magnetic suspension force for carrying a heavy payload.
Additionally, the existing harmonic method in [15] , [21] is not so suitable for the modeling of a circular PM array in the maglev rotary table. To solve the problem in the latest maglev rotary table, the proposed analytical-numerical method, which considers the clearances in the circular PM array, has a higher solution accuracy than the existing harmonic method. Therefore, the novel MLRT has the potential to achieve better dynamic performance. In the future, the positioning error of the novel MLRT in this paper can be further decreased by using higher resolution sensors and developing advanced control algorithms.
VII. CONCLUSION
In this paper, aiming at precision motion control of the magnetically levitated table, one prototype of the novel MLRT, which uses a circular PM array and a set of ironless coils, is developed and tested. The ironless coil array in the novel MLRT can be easily fabricated, installed, altered to other design parameters and has a high current carrying capacity. Besides, in order to solve the problem that the existing harmonic model can not take full consideration of topology structre of the maglev rotary table accurately, a new magnetic force model that takes into account the clearances in a circular PM array is proposed. Based on the new magnetic force model, a dynamic decoupling matrix is constructed to simplify the magnetic levitation system into six independent second order systems, and a PID controller is used to control the mover. Position feedback is achieved using the six laser sensors that are installed around and below the mover. Experiments are performed to demonstrate the validity and correctness of the model. Furthermore, the comparative experiment results illustrate that the proposed analytical-numerical method is more suitable for motion control of the MLRT than the existing modeling method. The complete maglev rotary table system built in this paper provides a useful reference for the future research of such maglev tables. In the next work, the proposed rotary table will be installed in the micro-milling system to finish the surface profile processing of various materials.
APPENDIX
The design size of the measurement system in Fig. 8 are given as follows: H 1 = 135mm, H 2 = 20mm, H 3 = 125mm, V 1 = 28mm, v0 = 54mm, w s = 80mm.
